In recent years, the incorporation of fluorine into various kinds of silicon devices has been shown to be beneficial and has attracted considerable interest. For example, F implanted into polysilicon emitters of bipolar transistors increases the breakup of the thin interfacial oxide that invariably occurs between the polysilicon emitter and underlying single-crystal silicon.
1,2 Breakup of this oxide layer is required for low values of emitter resistance, and the use of F enables lower thermal budgets to be used during processing. 3, 4 In metaloxide-semiconductor ͑MOS͒ devices, F implanted into the polysilicon gate decreases carrier trapping at the oxide/ silicon interface, leading to improved device performance and increased device lifetimes. [5] [6] [7] Polysilicon is now often deposited as amorphous silicon due to the lower deposition temperature that can be used, and larger grain size and smaller series resistance that result after annealing. 8 There is relatively little experimental data in the literature on fluorine transport in amorphous, polycrystalline, or single-crystal silicon. Tsai et al. 9 presented F depth profiles in high-dose BF 2 -implanted single-crystal Si and showed that significant transport of F occurred during annealing in the temperature range 500-1100°C. Jeng et al. 10 and Szeles et al. 11 reported similar behavior in low-dose F-implanted single-crystal Si, where the implanted F dose was below the amorphization threshold. No values of the F diffusion coefficient or activation energy were given in any of this work. [9] [10] [11] Recently, Marsh et al. 12 have shown that F transport in F-and As-implanted polysilicon is affected by both the formation of inclusions and the As distribution during annealing at 950°C. An effective diffusion coefficient of ϳ6ϫ10 Ϫ11 cm 2 /s for F in polysilicon at 950°C was reported. In this work, we investigate F transport in amorphous Si in the range 600-700°C, and extract an activation energy for F transport of 2.2 eVϮ0.4 eV. F depth profiles, measured using secondary ion mass spectroscopy ͑SIMS͒, are modeled to give values of the diffusion coefficient at each temperature. Transmission electron microscopy ͑TEM͒ studies show that the F transport is influenced by implantation-induced defects, as previously reported. 9, [11] [12] [13] [14] [15] [16] Unpatterned single-crystal p-type ͑B-doped͒ Si͑100͒ wafers, with a resistivity of 17-33 ⍀ cm, were given a HF dip etch. Amorphous silicon was then deposited on the wafers at 560°C using a conventional low-pressure chemical-vapor deposition ͑LPCVD͒ furnace to give layers of nominal thickness 200 nm, and F ϩ was implanted at room temperature at an energy of 30 keV and a dose of 5ϫ10 15 cm Ϫ2 . Finally, a 600 nm LPCVD SiO 2 capping layer was deposited at 400°C, and the wafers were sawn into 15 mmϫ15 mm samples. The samples were attached to a silicon susceptor and given a 30 s rapid thermal anneal in nitrogen, at temperatures in the range 600-700°C. The SiO 2 capping layer was then removed and SIMS analysis was performed using O 2 ϩ primary ion bombardment and positive secondary ion detection, with the depth scales determined by measuring the sputtered crater depths using interference microscopy. The TEM crosssectional analysis was performed using a Philips CM20 microscope operated at 200 keV.
Fluorine SIMS profiles for the as-implanted sample, and samples given a 30 s rapid thermal anneal ͑RTA͒ at temperatures between 600 and 630°C, are shown in Fig. 1͑a͒ . For all the profiles shown in Fig. 1 , some data points have been omitted for clarity. SIMS points near the surface are also not shown due to the unreliability of the SIMS measurements in this region. Even after the lowest temperature anneal at 600°C there is significant movement of the F compared with the as-implanted case. The F distribution obtained after annealing has been fitted to a Gaussian profile that models the a͒ Author to whom correspondence should be addresssed; electronic mail: pa@ecs.soton.ac.uk APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 23 6 DECEMBER 1999
where N(x,t) is the F concentration, x is the depth, and t is the anneal time ͑30 s͒. R and are the range and standard deviation of the F implant, respectively. Values for R ͑63 nm͒ and ͑32 nm͒ were derived by fitting Eq. ͑1͒, with t ϭ0, to the as-implanted F depth profile. D F (T) is the F diffusion coefficient and Q is the F dose in the layer. Equation ͑1͒ was fitted to the measured SIMS profiles using a leastsquares-fitting routine, based on the Levenberg-Marquardt method, and the calculated profiles obtained are shown as solid lines in Fig. 1͑a͒ . The dose Q and diffusion coefficient D F (T) were used as fitting parameters. SIMS profiles obtained from samples annealed at 645-675°C are shown in Fig. 1͑b͒ . The broadening of the Gaussian-like tails of the SIMS F profiles with increasing temperature is evidence of thermally activated transport in the F profile tails. There is also evidence of F trapping around the implantation peak. In these samples, the F concentrations at the implantation peak (ϳ7ϫ10 20 cm Ϫ3 ), and ϳ0.02 m on either side of the peak, are larger than the concentration at the original as-implanted peak (ϳ5.5 ϫ10 20 cm Ϫ3 ). Two transport processes are, therefore, evident: one in the profile tails, and one around the implant peak. For samples annealed at higher temperatures, Fig. 1͑c͒ , F trapping around the implant peak appears to be the stronger effect. For this reason, these points were, therefore, not used in the later calculation of the activation energy.
The F concentration in the vicinity of the implant peak also remains approximately unchanged as the anneal temperature is increased above 645°C, and this further suggests that some F is trapped at damage associated with the ion implantation. Figure 2 shows a TEM micrograph of a sample annealed at 675°C. The majority of the layer is amorphous, although in some places there is evidence of recrystallization, to polysilicon, of the amorphous Si layer adjacent to the amorphous-layer/single-crystal substrate interface. TEM on samples annealed at lower temperatures showed that no recrystallization had occurred at 600 or 650°C, whereas at 700°C, on average ϳ40 nm of the amorphous Si layer adjacent to the amorphous-layer/single-crystal substrate interface had recrystallized to polysilicon. The significant recrystallization of the layer at 700°C, and the similar recrystallization expected at 690°C, is a further reason for excluding these points in the calculation of the activation energy. In the sample annealed at 675°C, a band of defects extending from a depth of ϳ0.03 m to a depth of ϳ0.09 m can be seen. Comparison with the SIMS profiles shown in Figs. 1͑b͒ and  1͑c͒ shows that the trapped F and defects occur in the same place in the layer, and the defects are, therefore, thought to be F inclusions. 12 Such inclusions also occurred at 650 and 700°C, but were not observed at 600°C.
For samples annealed at 645°C and above, Eq. ͑1͒ was, therefore, fitted to the portion of the profiles lying at depths greater than ϳ0.1 m, and the fits obtained are shown as solid lines in Figs. 1͑b͒ and 1͑c͒ . The diffusion coefficients D F (T) deduced from fitting the Gaussian profile of Eq. ͑1͒ to the experimental data, together with a linear fit to the points from 600 to 675°C ͑the points at 690 and 700°C are included for completeness only͒, are shown in an Arrhenius plot in Fig. 3 . Vertical error bars represent random errors associated with an uncertainty of ϳϮ2.5% in the SIMS depth scale, and horizontal error bars represent the reproducibility of the RTA set temperature from run to run ͑typically, Ϯ5°C͒. From the slope of the fit, an activation energy of 2.2Ϯ0.4 eV for F transport was calculated, with the uncertainty arising from the accuracy of the linear regression (r 2 ϭ0.984), the errors in the depth scales, and an uncertainty of Ϯ20°C in the absolute RTA temperature. For each further 10°C error in the RTA temperature, the value obtained for the activation energy changes by ϳ2%. An exponential pref- actor for F transport of ϳ0.1 cm 2 /s was extracted from the intercept of the linear fit to the data points.
At present, F transport and diffusion in Si is poorly understood, and direct comparison of different experiments is difficult due to the large range of experimental conditions. In a recent paper, Park and Kim 18 implanted BF 2 into singlecrystal Si at 30 keV and extracted an activation energy of 0.16 eV for F transport. This value is consistent with theoretical calculations, 19 which showed that the stable state for fluorine in an ideal Si crystal is F Ϫ at an interstitial site, with an energy barrier for diffusion of less than 0.7 eV. However, it would be expected that F transport in amorphous, polycrystalline, and single-crystal Si would be different, as is found for dopants such as As and B. 20 Although a few F SIMS profiles have been presented for amorphous and polycrystalline silicon, 2, 12, 13, 16, 21 no values of activation energy have been published. Tsai et al. 22 implanted 1ϫ10 15 cm Ϫ2 BF 2 into a single-crystal Si sample, which had first been amorphized using a Si implant, and observed F redistribution following 30 min anneals at temperatures in the range 700-1100°C, which overlaps with the temperature range used in our work. However, no value of the F diffusion coefficient was given. Marsh et al. 12 reported an effective F diffusion coefficient of ϳ6ϫ10 Ϫ11 cm Ϫ2 at 950°C for 1ϫ10 16 cm Ϫ2 F implanted into polysilicon. This compares to a value of ϳ15ϫ10 Ϫ11 cm Ϫ2 for F in amorphous silicon at 950°C obtained by extrapolation of our Arrhenius plot.
In summary, we have measured F profiles in amorphous silicon layers implanted with 5ϫ10 15 cm Ϫ2 F, and rapid thermally annealed for 30 s at temperatures in the range 600-700°C. The measured profiles have been modeled and values of the diffusion coefficient deduced at each anneal temperature. From an Arrhenius plot of the diffusion coefficients, an activation energy for F transport of 2.2Ϯ0.4 eV was obtained. The SIMS and TEM results show that for anneal temperatures of 645°C and above F is trapped at defects close to the peak of the as-implanted profile.
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